Abstract-The Inverse Gaussian (IG) distribution is examined for modeling the rainfall rate and slant path and terrestrial link rain attenuation. The long-term statistics of rain rate and rain attenuation are modeled using the IG distribution. The method is validated using the recommendation of International Telecommunication Union (ITU) recommendation ITU-R. P. 837 and rain rate data from the ITU Study Group 3 database (DBSG3) database for the case of rain rate. For the modeling of rain attenuation, data which are derived from two databases of DBSG3, these of Earth-space links and line-of-sight terrestrial links are used for validating the model. The results are compared to the one using the lognormal distribution. It has been shown that IG distribution could be more appropriate for modeling rainfall rate and slant path and terrestrial link rain attenuation. Finally, some useful conclusions are derived and presented in this paper.
INTRODUCTION
Large bandwidth for the modern wireless systems is required in order to provide users with high data rate communications. In addition to the demand of high data rate services, the congestion of conventional frequency bands lead the future wireless terrestrial and satellite communication systems to operate at frequency bands higher than 10 GHz. In [1] the concept of the future Terabit/s satellite is introduced, supporting that high data rates can be provided only at Ka and Q/V frequency bands.
At these frequency bands, the propagated electromagnetic waves are mainly affected by the tropospheric phenomena. Clouds, precipitation and atmospheric gases attenuate the power of the signal and atmospheric turbulence causes scintillation to the amplitude of the propagated signal. Rain attenuation is the most severe cause of degradation of the signal [2] .
Fade Mitigation Techniques (FMTs) must be integrated into the system in order to deal with the tropospheric propagation and improve the quality of the link [2] . FMTs usually require the long-term statistics of the rainfall rate and rain attenuation for predicting the annual statistics of rain attenuation.
Various models have been developed for the prediction of long-term statistics of rain attenuation in relation to the statistics of rainfall rate. In [3] , [4] rainfall rate and rain attenuation are assumed to follow the lognormal distribution, while in [5] rain attenuation is modeled using the Weibull distribution. In [6] , the point rainfall rate and rain attenuation are assumed to follow the gamma distribution. Moreover, in [7] a log-power law is chosen for the modeling of rainfall rate in order to derive statistics of rain attenuation.
In this paper, the Inverse Gaussian (IG) distribution [8] is proposed and investigated for the modeling of rainfall rate and slant-path and terrestrial links rain attenuation. Firstly, some statistical properties of the inverse Gaussian distribution are given. In Section 3, IG modeling of point rainfall rate is evaluated. The model is validated using rain rate data from ITU-R. P. 837-5 [9] and the DBSG3 database [10] . The results are also compared to these of the lognormal distribution. In Section 4, IG distribution is used for modeling slant path and terrestrial link rain attenuation, showing numerical results with rain attenuation data derived from Earth-space links and lineof-sight terrestrial links database. Finally, some useful conclusions are derived from this paper.
II. INVERSE GAUSSIAN DISTRIBUTION
A random variable X>0 is assumed to follow the IG distribution, if the PDF of X is this of (1) [9] , [11] .
where, Ȝ and ȝ are the scale parameter and the mean value of the distribution, both greater than 0 (positive values).
The n-th moment, for n integer, of the random variable X is: 
The Complementary Cumulative Distribution Function (CCDF) is given in (5). 
where Q( ) is the Gaussian Q-function and is related to the complementary error function:
III. RAIINFALL RATE MODELLING
As the models for the prediction of rain attenuation are based on the statistics of rainfall rate, the modeling of rain rate is very crucial for channel modeling. The CCDF of point rainfall rate is the product of the probability to rain (P 0 ) and the conditional CCDF of rain rate given that it is raining, as this is shown in (7)
The P 0 value can be derived from the recommendation ITU-R. P. 837-5 for every place in the world [9] . In propagation community, it is well accepted and assumed that the conditional CCDF of rainfall rate follows the lognormal distribution. In this case, the CCDF is given in (8) , where m lnR and s lnR are the mean value and the standard deviation of the natural logarithm of rainfall rate.
In this paper, it is assumed that the conditional CCDF of rainfall rate is given by the CCDF of IG distribution. Therefore, the conditional CCDF of rain rate is:
For the validation of the assumption, the CCDF of rain rate derived from ITU-R. P. 837-5 and from DBSG3 database will be used for fitting (7) and (9) for the IG distribution and (8) for the lognormal distribution to data. This fitting process is a nonlinear regression process and it results to the computation of the parameters Ȝ R and ȝ R for the first case and m lnR and s lnR for the lognormal distribution. As it is mentioned before, for both cases, the P 0 value is derived from the recommendation ITU-R. P. 837-5.
The CCDF of rain rate was derived using ITU-R. P. 837 for four places. In Figure 1, ). In Figure 5 , for the case of Austin the IG distribution behaves better than the lognormal distribution for all probability levels and for the case of Yamaguchi, both distributions model accurately the rain rate distribution. From the above Figures, it can be easily observed that the IG distribution can model accurately the long-term statistics of rain rate. The IG distribution behaves well for whatever the climatic region is, as temperate and tropical climates have bee used for the validation results. In comparison to the lognormal distribution, it can be referred that IG distribution is more accurate than lognormal, especially for low values of probability, in which lognormal distribution overestimates the rain rate. However, for high values of probability, close to P 0 , the lognormal seems to be slightly better than IG distribution. In high time percentages, the IG distribution underestimates slightly the rain rate.
IV. RAIN ATTENUATION MODELING
Rain is the most crucial factor of the attenuation of the signal and rain attenuation can be calculated from rainfall rate according to (10) .
where L is the effective path length, R(x) is the rain rate at point x and a, b are the two coefficients of specific rain attenuation [12] .
In the same way as in rain rate modeling the CCDF of rain attenuation is the product of the probability that rain attenuation exceeds 0 dB value (P[A>0]) multiplied by the conditional CCDF of rain attenuation, as this is shown in (11) .
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Since there is no accurate modeling of the P[A>0] value in author's knowledge, the P 0 value derived from ITU-R. P. 837 for every place in the world will be used. Therefore, it is assumed that 0 0
The conditional CCDF is modeled using the IG distribution (12) . The modeled rain attenuation will be validated using the DBSG3 database for Earth-space links and line-of-sight terrestrial links. The results will be compared with these of the lognormal distribution. As in the case of rainfall rate, the parameters of the IG and lognormal distributions will be derived through a nonlinear regression process, in which the theoretical CCDFs are fitted to rain attenuation data points. 
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A. Earth-Space Links
From the database of Earth-space links of DBSG3, three sites were selected. In Figure 7 the CCDF of rain attenuation for Clarksburg of USA (latitude=39. From the above figures, it can be observed that the IG distribution models also accurately the conditional CCDF of rain attenuation for both temperate and tropical climates. The difference between the lognormal and the IG distribution is that for low probability values the IG distribution gives lower values of rain attenuation in comparison to the lognormal distribution. Furthermore, the difference between the two distributions for high percentages of probability in which lognormal distribution give higher values of rain rate than IG distribution is not observed in the case of rain attenuation for Earth-space links.
B. Line-of-Sight Terrestrial Links
The assumption of the IG distribution will be also examined with experiments derived from the line-of-sight terrestrial links DBSG3 database. For this purpose three experiments have been selected. For the first one, the receiver was located at Mendlesham of Great Britain (latitude=52. From these three Figures, it can be observed that also in the case of modeling of rain attenuation for line-of-sight terrestrial links, the IG distribution behaves really well, for all the three sites. Moreover, in comparison to the lognormal distribution, it can be referred that in case of Tokyo ( Figure 12 ) the IG distributes lower values of rain attenuation for low levels of probability than lognormal distribution. This was also observed at the modeling of rain rate and modeling of rain attenuation for Earth-space links. At high percentages of probability, IG distribution gives lower values of rain attenuation than lognormal distribution, for all the three experiments. For the other levels of probability, both distributions have almost the same behavior, with IG distribution give more accurate results. Figure 10 . CCDF of rain attenuation for Mendlesham, Great Britain. The statistical parameters of IG distribution were computed ȜA=0.064 dB and ȝA=0.6249 dB Figure 11 . CCDF of rain attenuation for Darmstadt, Germany. The statistical parameters of IG distribution were computed ȜA=0.0218 dB and ȝA=0.2789 dB Figure 12 . CCDF of rain attenuation for Tokyo, Japan. The statistical parameters of IG distribution were computed ȜA=0.0125 dB and ȝA=0.2583 dB V. CONCLUSIONS The IG distribution was investigated for modeling the long term (annual) statistics of rainfall rate and rain attenuation. The statistical parameters of the IG distribution were computed via a nonlinear regression with which the CCDF of IG distribution was fitted to the recommendation ITU-R. P. 837 and DBSG3 database for the modeling of rain rate and to rain attenuation data derived from Earth-space links and lineof-sight terrestrial links DBSG3 database. IG distribution models accurately the rain rate CCDF for both temperate and tropical climates. In comparison to the lognormal distribution, IG behaves better in low levels of probability as it distributes lower values of rain rate than lognormal distribution. However, in high levels of probability, lognormal distribution seems that models more accurately the CCDF of rain rate. For rain attenuation modeling, for both slant path and terrestrial link rain attenuation, IG distribution behaves very well for different climates. In comparison to the lognormal distribution, IG distribution gives lower values of rain attenuation for low percentages of probability, while for the other levels of probability both models give almost the same prediction results.
